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Low-Loss 4-6 GHz Tunable Filter With 3-Bit
High-() Orthogonal RF-MEMS Capacitance
Network

Sang-June Park, Student Member, IEEE, Mohammed A. El-Tanani, Student Member, IEEE,
Isak Reines, Student Member, IEEE, and Gabriel M. Rebeiz, Fellow, IEEE

Abstract— A low loss 4-6 GHz 3-bit tunable filter was de-
signed and fabricated on a quartz substrate. A high-Q) 3-bit
orthogonal RF-MEMS capacitance network is presented and its
significance on the filter ) is discussed. Detailed design equations
for the capacitively-loaded coupled open-loop \/2 resonators
and realization of capacitive external coupling with source-load
impedance loading are discussed. The measured filter shows an
unloaded-Q) of 85-170, an insertion loss of 1.5-2.8 dB (including
connector loss), and the measured 1-dB bandwidth is 4.35 +
0.35% over the 4-6 GHz tuning range. The measured ITP3 and
1-dB power compression point at 591 GHz are > 40 dBm and
27.5 dBm, respectively. The unloaded Q and insertion loss can
be improved to 125-210 and 1.8-1.1 dB with the use of a thicker
bottom electrode. To our knowledge, this is the highest () tunable
planar filter to-date at this frequency range.

Index Terms— RF-MEMS, capacitance network, coupled open-
loop resonators, capacitive loading, tunable filter, source-load
impedance loading.

I. INTRODUCTION

Low-loss tunable filters are essential for modern wide-band
communication systems. Most of them can be classified in
three categories; YIG filters [1], varactor diode filters [2]-
[4], and RF-MEMS filters [5]-[8]. The YIG filters have muti-
octave tuning ranges and a Q up to 10,000, however, their
power consumption, tuning speed, size, and weight limit their
use in highly integrated communication systems. The varactor
diode tuned filters are small in size and with ns tuning speed,
but their loss, low power handling, and low IP3 values have
been limiting factors for their use in wireless systems. The RF-
MEMS tunable filters occupy a sweet spot between YIG and
Schottky-diode filters in terms of being planar and physically
small and have zero power consumption, us tuning speeds and
excellent linearity (IP3;40 dBm) [9].

The RF-MEMS tunable filters reported so far have an
estimated @) of 20-150 [5]-[8]. The filter ) is usually 30-
80 except for a narrow band switchable case as demonstrated
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Fig. 1. Electrical circuit model of the coupled-resonator filter with 2 ports.

by Park et.al [8]. The filter ) has been quite low even
though the MEMS device itself has a ) > 250 at the design
frequency [10]. In the previous RF-MEMS tunable filters, the
loss mechanisms of the multi-bit capacitance tuing network
have not been investigated intensively and will be shown in
this paper, this can have a large effect on the filter loss and
Q.

In this work, the loss mechanisms of the multi-bit capaci-
tance network are analyzed and a novel orthogonal capacitance
network design is introduced as a solution. A distributed
coupled resonator design using admittance matrix is presented
and this is rewritten instead of using a symmetry image plane
[8] by calculating the loading capacitance directly from the
admittance matrix. The matching capacitance and modified
loading capacitance calculation are also rewritten by including
the source and load impedance in the admittance matrix.
A design method for the orthogonal capacitance network to
achieve uniform step coverage in the frequency response is
also presented in detail. These design methods are applied
on a capacitively-loaded 2-pole 4-6 GHz tunable filter with
3-bit frequency control (8 states) to achieve state-of-the-art
performance.

II. DESIGN

A. Filter Admittance Matrix With Source-Load Impedance
Loading

The admittance matrix of the coupled resonators with the
loading capacitors, Cp,, without the matching capacitors, Cy,
and source-load impedance, 7, in Fig. 1 is [8]
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}/in,e + Y;n,o }/in,e —_ Y;n,o
2 2
Y, = (D
Y:L'n,e —_ Y—in,o Y;n,e + Y;n,o
2 2
where
e — 1)(ce +1 —2d.wC
Vi, = e e 2 L2 2deCy) @
jeede — d2wCr,)
o — 1)(co +1—2d,
Vi p = (o= Do 1= 2o Cy) G)
jlcodo — d2wCl)
1 /Y, Y; . .
Ce,o = COS 2¢p1 COS d)ze,o*i ( ;1 + Y2e1,0> sin 2¢; sin ¢ o
“4)
sin 2¢4 cos? g1 Yoo, sin® o1\ .
de o — e,o - : e,o-
, Y. COS Pae, —l—( Vous V2 sin (;525,)

The overall admittance matrix of the filter in Fig. 1 with
C)s, and the source-load impedance (7)) is

JwCym
v — Y1 + TT ZojwCnr leg o
JWC M
Yr12 lel + 1 + ZOjWCM
where
}/in,e + Y;'n,o }/in,e - Yin,o
Y1 = — 5 Y2 = — 5 @)

B. Filter Design Using Admittance Matrix Method

1) Realizing the coupling section of the filter: The coupling
section of the filter can be realized using the following
coupling condition. The condition is

=k 8
b 12 3
where
wo 0Im[Y,11(w A
p = o 2mlennlol] RO
2 Ow V9192

The slope parameter, b, is a function of the design param-
eters, Y1, Yoc 0, @1, P2¢,0 and loading capacitor C'r,. However,
it is required to decouple C}, from b, so that one can obtain
design parameters independent of C; and leave Cj as a
frequency tuning parameter. From the resonance condition,
Im[Y;11(wo)] =0, Cf, can be rewritten as

—B(wo) + v/B(wo)? — 4A(wo) D(wo)

CL - 2(4}0 A(WO)

(10)

where

A =2d%d.(co — 1) + 2d2%d,(co — 1) (11)

B = —2d,d.(2¢occ — o —Ce) — di(cg -1) —dg(cg —-1) (12)

D = cody(c? — 1) + cede(c2 —1). (13)

with Cp, replaced with (10) in b, and Y12, the left-hand
side of (8) becomes only a function of the design parameters.
By choosing the design parameters satisfying (8), the filter
coupling section can be completed.

2) Loading and matching capacitor values with source-load
impedance loading: Fig. 1 shows a complete filter circuit with
external coupling elements. When the filter external circuit is
realized using a reactive element, one finds that its resonance
frequency is shifted due to the complex loading effect of the
source-load impedance. To take this complex loading effect
into account, the admittance matrix of the complete filter
circuit, Y, needs to be used to obtain accurate values of the
loading capacitor, C'z,, and matching capacitor, C';.

The value of Cp in (10) does not result in the correct
resonance frequency (wg) when C'yy is present. The modified
value of C7, and C}; are found by solving the resonance and
external coupling conditions, respectively, using (6) as,

Im[YH(wO)] = O (14)
b
— = Q. 15
Re[Yu(wO)] Q t ( )
where
~ wo Yp1i(wo) | wo Ol — Z5wiChy)
b= — > 2 2,12 (16)
2 Ow 2 (1+ Z3w2C3))?
Quay = 9L, (17)

A

The b and Re[Y11(wp)] include both Cp, and C)s and need
to be simplified to a function containing only one of them.
Cjr can be replaced with an equation in terms of Y11 (wp)
(function of C, only) using (14). C; with respect to Y11 (wo)
is

—14++/1- 43121Z§
Cr = 18
M 2B, 22 (18)
where
By = Im[YrH(wo)]. (19)

By replacing C; using (18), the left-hand side of the (15)
becomes a function of only C7, and C}, can be solved using
(15). Cyy is then determined using (18).

C. Low-Loss Orthogonal Capacitance Network

As is well known, RF-MEMS capacitance networks require
high resistance bias lines to actuate the MEMS switches. When
multiple bits are realized, the bias lines in the capacitance
network couples to the the RF signal and result in additional
losses [7].

The effect of the resonant electric field coupled to the bias
lines has not been emphasized adequately, but it has significant
effect on filter (). To examine the effects of the resonant
electric field in the resonator gap on the bias lines, a 90
MHz butterworth filter centered at 5.95 GHz was simulated
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Fig. 2. The orthogonal (a) and parallel (b) (to the electric field) configuration
of the bias lines.

| port 1 |

MEMS 200 um
switch
MAM (Metal-Air-Metal)

Cscq1  capacitor

Csw1
dielectric
—_—
T Cswz
bias line
Csc3
Csw3
port 2
Fig. 3. The low-low 3-bit C';, orthogonal capacitance network (figure is to

scale).

with the two different bias-line configurations (Fig. 2). In
this simulation, 5 pym bias line width and 1 k{)/sq bias line
resistance were assumed. The results indicate significantly
different pass-band insertion losses. The orthogonal bias-line
configuration in Fig. 2(a) has almost identical loss (1.08 dB)
as the filter without bias lines (1.07 dB) and is independent
of the bias line resistance. On the other hand, the parallel
bias-line configuration in Fig. 2(b) results in 5.14 dB and
1.63 dB insertion loss for 1 k€)/sq and 10 k{)/sq. bias-line
sheet resistance, respectively. It is therefore highly desirable
to place the bias lines orthogonal to and as far away as possible
from the high electric field area. The suggested orthogonal
capacitance network in Fig. 3 meets all those requirements.

The equivalent circuit is given in Fig. 4. Each MEMS
switch, Cy,, is in series with the scaling capacitor Cs. and
the C,,-C series pairs are all connected in parallel. C, is
used to adjust the overall reactance level of the network and
C is to take into account the fringing capacitance of port 1
and 2.

The net capacitance value of this network is obtained by
calculating the total reactance values. The impedances of the

port 1
|||—|
Cf1 RS
Lp1
Csw1 Csc’l -—A

Fig. 4.
network.

The equivalent circuit model of the low-low 3-bit C, capacitance

port 2

Fig. 5. The A-Y transformation to calculate the net capacitance values of
the 3-bit C', capacitance network.

network in Fig. 4 are represented in Fig. 5 as:

Z12 = ijpg, Z24 = ijfi (20)
Zss = jwl3l, Zso = jwLs; 1)
z W, 4 — 22)
2 = 1w -
13 = JWlyp jwC,
. 1 1
Zoz = jwLs 23
2 e sws * jwcsw?) jWCSCS ( )
1 1
Zy5 = jwL5 24
° T w2 * jwcsw2 jWCSCZ ( )
. 12 . scl 1 1
Z46 = JWst +.7st71)1 + (25)

jwcswl jwcscl )
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Fig. 6. The low-low 3-bit C'ys orthogonal capacitance network (figure is to
scale).

After performing the first A-Y transformations (Fig. 5), the
impedance values are

Z127
o _ 12413 (26)
Zi2 + Z13 + Zas
VACYAS:
Iy = ——""= + 7 27
7 Zio + Ziz + Zos 2 7)
VALYAE
78 = ——— = | Tax. 28
357 Zio + Ziz + Zos 5 (28)
A second transformation results in
YAIWVASE
Zb — 7o + 24435 (29)
3R ge 4 Ty + 78
284 s
Zby = AT 17 30
167 78 & Zys + 28 1O (30)
YATYAS
Zhy = =35 | 7. 31
= 28 4 Zuo + 70 56 (31
The total impedance of the network is therefore
Zigp Z
Ziot = Zasp + ——2 t jwlyy + Ry (32)

Zep + Zs6p
Finally, the total net capacitance value of the capacitance
network is

(33)

If the fringing capacitance, C, is not negligible, it can be
added to the above result, and the additional capacitance is
Ct1 in series with C'ro due to the differential voltage mode at
resonance.

The matching capacitance, C'yy, is realized using the same
concept as Cr, and the layout is shown in Fig. 6. The
calculation of the net capacitance value also follows the same
approach.

Y1, b4

Fig. 7.
ports.

Electrical circuit model of the balanced coupled-resonator with 4

III. IMPLEMENTATION OF THE 4-6 GHZ TUNABLE FILTER

To design the 4-6 GHz filter, a full-wave simulation of the
coupled resonator structure in Fig. 7 (without capacitors) is
performed using Sonnet [11] and the 4-port Y-parameters are
extracted. The full-wave 4-port Y-matrix are

- v4p 4p 4p 4dp
Yll Y12 Y13 Y14
4p 4p 4p 4p
4 Y12 Yil Y14 }/13
Y= 4 4 4 4 (34)
P g P 4
Y13 }/14 Yll Y12
4p 4p 4p 4p
L Y14 1/13 Y12 Yll -

Calculation of the loading capacitance value giving reso-
nance are simpler if the symmetrical properties of this structure
are used [8]. The 2-port Y-parameters of the coupled resonator
structure with the image ground plane and the loading capac-
itance, C'1 5, between the port and image ground plane is

Yy Yy

— VP 4 jwCrp, Y/

y?r = . (35)
Y142p - Ylip Y141p - Yﬁsp + jwCrs

and the loading capacitance, CL;, which results in the
resonance, Yff’ =0, is

CLs =—Im (36)

wo

Ww%@%ﬁ

The slope parameter of this symmetric network, b is

_Wo 3Im[Y141p(w0) - Y14:3P(W0)] _ Im[Y141p(w0) - Yép(WO)]

b2r
2 ow

(37
and ki 1S
o ImP )] A
" b2r Vo192

Determining the coupling of the filter can be done by finding
a full-wave simulation set satisfying (38) and the loading
capacitance, C'L,, is then given by (36).

To complete the design with Cj; and the modified C7,
the 2-port full-wave Y-parameters in Fig. 1 without Cp; and
source-load loading need to be calculated. The 2-port full-
wave matrix is obtained by inserting C';, between ports 1 and

(38)
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Fig. 8. The loading capacitor, C'r,, matching capacitor, C'ys, and coupling

coefficient, k12, obtained using full-wave simulations.

3 and ports 2 and 4 of the 4-port full-wave matrix and open-
circuiting ports 3 and 4. The 2-port full-wave Y-matrix is

Y Yo
YVi=|/ 39
! [ Yri2 Y (39)
and the Y11 and Y;o are
4 4 4 4pyAp v -4
Vi — VA _ Yl [(V3)? + (V1)) — 2V VYo (40)
11 b1l (Y4p)2 _ (Y4p)2
b1l 12
dp Ap 54 App i 4 4
Y = Y9 — 2Yb1plYE>1p3Y14p4_ Y12p[(yb41%)2 + (Y1)?] @1
(Y311)? — (¥Y13)?
where
Vi = V¥ +jwCr, Yyl = Yif — jwCy. (42)

The modified Cy, and C); values are then calculated using
the method explained in II-B.2.

The ki2, Cp, and C); values obtained using full-wave
simulations are shown in Fig. 8. k2 is calculated using (38)
and increases with frequency due to the partial magnetic
coupling nature of the filter. Cy is calculated using (36), and
the C', value between the open ends of the resonator in Fig.
(7) is half the value of Cp;.

To obtain the capacitance changes in Fig. 8, the capacitance
networks in Fig. 3 and Fig. 6 are realized. The parasitic
circuit elements of Fig. 4 were individually found using
full-wave simulations. All the capacitance values were first
calculated using the area and height of the MEMS or MAM
capacitors and then the fringing capacitances and the parasitic
inductances were extracted by fitting the circuit model to the
full-wave simulation model.

To achieve a capacitance change that covers 4-6 GHz
frequency range with continuous step coverage, several simu-
lation steps are needed. First, the C. values and C), value
are calculated in the equivalent circuit model giving the
best step coverage between 4-6 GHz (Cy,, is fixed due to
the fabrication condition of the MEMS device). Then these
values are physically realized and simulated using full-wave

1000 T T T
— full-wave model (Fig. 3)  state (111)
é 800 } ——— circuit model (Fig. 4)
—
O
03 )
8 600 C, (Fig. 8)\
8 -
5 LT e = =
s b = =
@ 400 P L —_ ==
)
o
£ —_— O~
5 @ — e
g 200 . _ -
3 | I
4.1 GHz 59 GHz |
: N state (000)
0 N N N
3 4 5 6 7
Frequency (GHz)

Fig. 9. The calculated C', using the full-wave simulation of the actual
structure in Fig. 3, and the circuit model in Fig. 4.

Fig. 10. Fabricated RF-MEMS tunable filter on quartz substrate.

simulation. The parasitic values such as fringing capacitance
and parasitic inductances are extracted with this simulation
result, and then the new C,. and C), are calculated. These steps
are repeated until the desired 8 capacitance states are achieved.
The equivalent circuit model and full-wave simulation model
show a good match at 4-6 GHz. The required C values
(Fig. 8) are also plotted in Fig. 9 and show that the realized
capacitance network covers well the 4.1-5.9 GHz frequency
range.

IV. FABRICATION AND MEASUREMENTS

The RF-MEMS filter was fabricated on a 0.508 mm quartz
substrate (¢,=3.78 and tand=0.0001) using a standard RF-
MEMS process [7]. The MEMS switch has a 0.3-pum thick
bottom Au layer and 0.18 pum Sig Ny as a dielectric layer, and
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Fig. 11. Measured S21 (a) and S71; (b) responses of the RF-MEMS tunable

filter. S22 is nearly identical to S1; and is not shown.

the 0.8 pum sputtered gold membrane is suspended 1.4-1.6 pm
above the dielectric layer. The bias line is 5 pm wide close
to the resonator to minimize the coupling to the electric field
and gradually increases to 10-40 pum at the biasing pad. The
measured bias line resistance is 8-10 k€2/sq. The MAM (Metal-
Air-Metal) is electroplated to 4 pm thick with an air gap of 1.8
pm (dimensions vary between 50 by 60 to 120 by 120 pm).
The average pull-down voltage of the MEMS switch is 50 V
(40-70 V) and the corresponding spring constant is 196 N/m
(residual stress is 260 MPa). The fabricated RF-MEMS filter
and its C, and C); capacitance networks are shown in Fig.
10.

The filter was measured in a shielded box which has an
opening on one side for the bias probe. The HFSS [12]
simulation shows that the radiation loss without shielding is
approximately 0.15 dB and is 0.05 dB with the shielding
box (Fig. 13). The SOLT calibration was done up to the
outside connector. The measured S-parameters are shown in
Fig. 11. The measured filter covers 4.17 GHz to 5.91 GHz with
continuous coverage and 2 to 3 dB crossovers. The measured
insertion loss and 1-dB bandwidth at 4.17-5.91 GHz are 2.75-
1.53 dB and 4.0-4.7 %, respectively. The fitted @ is 85 at
4.17 GHz and increases to 170 at 5.91 GHz. The measured
S11 shows an excellent match (> 15 dB) over the entire tuning

TABLE I
MEASURED 8 STATES OF THE RF-MEMS FILTER.

| state | 111 | 011 | 101 | 001 | 110 | 010 | 100 | 000 |
fo (GHz) 4.17 | 4.38 | 4.56 | 4.76 | 4.97 | 524 | 5.53 | 591
L.L.(dB) 2.75 | 245 | 237 | 2.22 | 207 | 1.73 | 1.53 | 1.53
1-dB BW(%) 4.0 4.1 4.4 4.5 4.7 4.6 4.6 4.7
1-dB BW(MHz) | 167 180 201 214 234 241 254 278

0
10T state o
—_— 11
5 (111)
o
= 20}
2
(3]
§
5 -30
@
(2]
-40 F~Q)
\
50 1 N N N
3.0 4.0 5.0 6.0 7.0 8.0

Frequency (dB)

Fig. 12. Measured and simulated responses of the RF-MEMS tunable filter.

range except the highest frequency state («~~ 12 dB), and this
is due to one un-actuated switch in C';. The measured results
are summarized in Table I.

The measured and simulated results are plotted in Fig. 12
for states (000), (110), and (111). The simulation results are
obtained by combining the full-wave model of the coupled
resonators (Fig. 7) with the model of the capacitance networks.
The simulated response is identical with either the equivalent
circuit capacitance model or with the full-wave capacitance
model and the results are 30-80 MHz lower than the measured
values. The fabricated Si3/N, has a dielectric constant of 6-9

Fig. 13.

RF-MEMS filter in the shielding box.
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Fig. 14. Experimental setup for intermodulation measurements.
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Fig. 15. Measured IM-products of the RF-MEMS tunable filter.

depending on the fabrication conditions and in the original
simulation model, the dielectric constant is assumed to be
4.0 due to the roughness of the surface [13]. The simulations
in Fig. 12 are therefore done with a dielectric constant of
3.75 (instead of 4.0) and show excellent agreement with
measurements.

The resonator with 4 pum plating thickness and 1.2 mm
width is simulated using Sonnet and the intrinsic () simulated
is 210-245 at 4-6 GHz. This is much higher than the fitted
@ of 85-170 and is due to the effected series resistance of
the Cr, network (Rs=0.9  fitted). The series resistance of
Cp is mostly from the thin bottom metal layer (0.3 pm)
which is only 0.2-0.25 skin depth thick at 4-6 GHz. A 0.3
pm metal thickness was used for good step coverage in the
bridge membrane. If the thickness of the bottom metal layer
is increased to 0.6 pm, the series resistance becomes 0.45 €2,
and the overall Q of the loaded resonator increases to 125-210
resulting in an insertion loss of 1.75-1.10 dB at 4-6 GHz.

A. Nonlinear Characterization of the RF MEMS Filter

The nonlinear characterization was done using the experi-
mental setup in Fig. 14. The measurement was done on the
highest frequency state where all the MEMS switches are in
the up-state position and with the highest filter () and this
results in the worst IM3 products (Fig. 15). Measurements
show that the IIP3 is > 37 dBm for Af > 300 kHz. For the
RF-MEMS switches, the intermodulation component follows
the mechanical response of the bridge, and the IIP3 level drops
by 40 dB/decade for Af > fy (fo ~ 180 kHz). At Af=1 MHz,
the IIP3 is 57 dBm and this is the limit of our measurement
setup.

28

26 I =591 GHz

24

22

Pout (dBm)

20 f

18 |

16

18 20 22 24 26 28 30 32
Pin (dBm)

Fig. 16. Measured P-1dB of the RF-MEMS tunable filter.

The power handling capability of the filter was investigated
by measuring the P-1dB of the filter (Fig. 16). The mea-
surement was also done in the highest frequency state and
maximum filter Q). One of the switches was actuated down
around 27 dBm and this results in a frequency shift and a 3
dB power loss. Simulations show that an RF power of 0.5-1.0
W results in an RF rms voltage of 30-40 V at C,,3, and this
is enough to move switch and distort the filter response.

V. CONCLUSION

Low-loss tunable filter with 3-bit high-Q) Orthogonal RF-
MEMS capacitance network were designed, fabricated, and
measured. The lossy coupling between the resonant electric
field and the bias lines in the multi-bit RF-MEMS capaci-
tance network were analyzed and the orthogonal capacitance
network design was suggested to minimize the lossy coupling.
The @ of the measured filter is 85-170 at 4-6 GHz and this is a
state-of-the-art result. The () can be enhanced to 125-210 with
the use of a thicker bottom electrode (0.6 pym). A suspended
resonator design with small loading capacitance values (X¢
> j300 ) can result in a filter @ up to 300 and this is being
done at UCSD.
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Mini-MEMS 4-State Bandstop Filter

Bias Lines
R=10KOhm/sq

Mini-MEMS

Smm

" Mini-MEMS

pl_ ‘l [ 1] 4

7.8mm

 Resonator loaded with back to back 3by2 and 3by3
arrays of Mini-MEMS (4-states)

» Some analogue tuning is shown here

« Switchable from 8.82 GHz — 11.32 GHz
2.5 GHz Tuning range

* Minimum Rejection = 26.2 dB

» Max. insertion loss at 7 & 13 GHz

=0.197dB and 0.607 dB respectively
(includes coax-microstrip connector 10ss)
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IP3 Measurement Setup

Isolator
-3dB
f1 Coupler
E : DUT Spectrum
Isolator Analyzer

fzg—@—

» Measurements were taken from the 4-state filter shown below
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[ IP3 Measurements

fo =11.412 GHz (Null), f=1MHz

IP3 =39.4dBm

Pin (dBm)

Agilent E4448A Spectrum Analyzer Settings

* Input Attenuation = 16dB
» Reference level = 0 dB

* Resolution BW = 3.9 kHz
e Span = 4 MHz

» Averaging 100 sweeps

fo =11.112 GHz (-10 dB on Null), f= 1MHz
40

o

80 | IP3 = 40.6 dBm

-10 0 10 20 30 40
Pin (dBm)

» Max input power to Spectrum analyzer is -10dBm
before mixer distortion is visible

» Spectrum Analyzer IIP3 ~45dBm with attenuation
=16dB

* | couldn’t measure any intermodulation distortion
at 7 and 13 GHz while keeping power into spectrum
analyzer less than -10dBm



Filter Power Handling Simulations
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Filter Power Measurements

Measurement Setup

Isolator BPF 40 dB
Source Attenuator

Spectrum
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Detailed Layout of the 4-6 GHz RF MEMS Filter
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MEASURED RESULTS..this is not a simulation..these are measured!

0 —
-10-|
-20-|
-30
'407\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
2 3 4 5 6 7
freq, GHz
states 1 2 3 4 5 6 7 8
f (GHz) 4.18/4.15 4.37/4.30 4.56/4.47 4.75/4.64 4.97/4.95 5.24/5.21 5.53/5.50 5.91/5.85
-1dB BW (%) 4.0/4.2 4.0/4.1 4.1/4.3 4.1/4.3 4.714.7 4.6/4.6 4.6/5.2 4.7/5.1
I.L. (dB) 2.73/2.09 2.44/1.84 2.26/2.10 2.17/1.80 2.07/1.86 1.73/1.56 1.53/1.46 1.53/1.08
CL (fF) CLddd CLudd CLdud CLuud CLddu CLudu CLduu CLuuu
CM (fF) CMxd\CMdd CMxd\CMud CMux\CMdu CMux\CMuu




voltage across the MEMS switches

60
] max voltage across the MEMS switch with 1 W input power

50— > 53V
A=) ]
>I>I>I 40—
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N Y
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MEMS pull in voltage: Vp=60-90 V (3 kHz square wave)

T Vp=60-90 V
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